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of Small eye Mouse Embryos
John F. Enwright III and Robert M. Grainger1
Department of Biology, University of Virginia, Gilmer Hall, Charlottesville, Virginia 22903
The vitamin A derivative retinoic acid (RA) is necessary for eye development, though its role in signaling within eye tissues
is poorly understood. We investigated this question in two transgenic mouse strains carrying a retinoic acid response
element (RARE) fused to b-galactosidase that identify regions of the embryo expressing activated retinoic acid receptors.
etinoid signaling appears in the retina and lens ectoderm of wild-type embryos prior to neural tube closure, when lens
nduction is under way. To determine if there are interactions between retinoid signaling and the transcription factor Pax-6,
lso essential for lens development, we examined RARE transgene expression in Small eye (Sey) mice, which carry a Pax-6
mutation. Retinoid signaling in the eye, nose, and forebrain of Sey embryos is decreased, with the most severe effects in the
developing lens. In Sey mice the lens anlage cannot respond to exogenous RA after E9, though it is responsive earlier; the
retina and other neural ectoderm can respond to RA at any stage. In Sey mice the ability of presumptive lens and retina to
produce and/or sequester RA is also decreased, as assayed with a retinoid–reporter cell line. These results implicate retinoid
signaling in lens formation and show that RA signaling in the developing eye is dependent upon Pax-6. © 2000 Academic Press
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bINTRODUCTION
Lens determination has been an intensively studied
model system for examining embryonic induction since the
pioneering experiments of Spemann and Lewis in the early
20th century. This work defined the phenomenon of lens
determination as the result of a single-step inductive inter-
action between the future retina (an outpocketing of the
diencephelon called the optic vesicle) and the overlying
surface ectoderm, which will later form the lens (reviewed
by Saha et al., 1989). However, more recent experiments
have revealed that this is a more complex process and led to
the formulation of a four-step model of lens induction
(reviewed by Grainger, 1996).
In the current model, derived mainly from work with
amphibians, the process is described as commencing when
ectodermal tissue becomes competent to respond to a
lens-inducing signal. Animal cap ectoderm has been shown
to be competent to form lens for only a short period of time
during gastrulation, and it has been suggested that this
process is controlled by a developmental timer (Servetnick
and Grainger, 1991). During the neural plate stage ectoderm
1 To whom correspondence should be addressed. Fax: (804) 982-
D5626. E-mail: rmg9p@virginia.edu.
10ecomes biased toward a lens fate, having received further
nductive signals from both the adjacent neural tissue and
he underlying head mesoderm and endoderm (Grainger,
996). At the time of neural tube closure, when the optic
esicle (OV) first contacts the presumptive lens ectoderm
PLE) the future lens region becomes specified; upon explan-
ation it will subsequently differentiate into a rudimentary
ens that expresses lens-specific proteins, the crystallins
Henry and Grainger, 1987, 1990). It is thought that the OV
cts as a positive regulator of lens determination at this
ime, while migrating neural crest cells act as an inhibitor
f lens induction (Grainger, 1996). It is at approximately
his stage that the mouse lens is thought to be specified
Karkinen-Jaaskelainen, 1978; Enwright and Grainger, un-
ublished). The final step of lens formation is differentia-
ion, the formation of a tissue showing, in addition to
rystallin synthesis, the characteristics of a mature lens
uch as loss of nuclei, and fiber cell elongation (reviewed by
rainger, 1996). While the tissue interactions required for
ens formation in amphibians have been intensively stud-
ed, little is known about the process in mice. The under-
ying molecular signals controlling lens determination have
emained elusive, though recent work has implicated mem-
ers of the BMP family in this process (Luo et al., 1995;
udley et al., 1995; Furuta and Hogan, 1998).
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11Retinoid Signaling and Lens FormationOne potential signaling molecule within the developing
eye is the lipid-soluble, vitamin A derivative retinoic acid
(RA). RA has been implicated as a signaling molecule in
several developmental interactions including the formation
of the limb, establishment of the anterior–posterior axis,
and determination of the inner ear (Marshall et al., 1992;
Helms et al., 1996; reviewed by Means and Gudas, 1995).
Several lines of evidence have also implicated RA in eye
formation. Experiments in which vertebrates embryos were
deprived of vitamin A, an RA precursor, or which were
given exogenous RA showed similar eye phenotypes includ-
ing microphthalmia (Shenefelt, 1972; Sive et al., 1990;
Schuh et al., 1993). It has also been shown that RA is
required for formation of the ventral retina in zebrafish
(Marsh-Armstrong et al., 1994; Hyatt et al., 1996).
RA activity has been examined in transgenic mice bear-
ing a reporter construct that permits detection of RA-
mediated signaling in vivo and which indicate that there is
RA activity during eye development. RA binds to nuclear
retinoic acid receptors (RARs) which must heterodimerize
with a retinoid-X-receptor (RXR) to stimulate transcription
(reviewed by Means and Gudas, 1995). An RAR–RXR het-
erodimer activates transcription by binding to a retinoic
acid response element (RARE). The transgenic reporter
mice carry a construct composed of a retinoic acid response
element upstream of the reporter b-galactosidase (lacZ).
hese mice express lacZ in cells that contain activated
ARs. Transgene expression is seen in the developing lens
nd retina, olfactory system, and forebrain, as well as in the
runk, during embryogenesis (Rossant et al., 1991; Balkan et
l., 1992b). In addition the g-F crystallin gene contains a
ARE in its promoter that is necessary for expression of
his crystallin (Tini et al., 1993), directly implicating RA in
ens development.
The paired-type homeodomain transcription factor Pax-6
as also been shown to be a necessary regulator of retina
nd lens determination. Experiments with Small eye (Sey)
ice, which carry a semidominant mutation in Pax-6, have
hown that the process of mammalian lens induction
equires PAX-6 (Hogan et al., 1986; Hill et al., 1991; Li et
l., 1994; Grindley et al., 1995). Heterozygous (Sey/1)
nimals have small eyes and prematurely develop cataracts,
hile homozygous (Sey/Sey) mutants develop neither eyes
or an olfactory system, have gross forebrain defects and
berrant midbrain neural crest cell migration and die
hortly after birth (Hogan et al., 1986; Matsuo et al., 1993).
An identical phenotype is seen in animals where Pax-6
function has been disrupted via homologous recombination
(St.-Onge et al., 1997). A human mutation in Pax-6 has been
shown to be the cause of ANIRIDIA, a condition that is
characterized by a small or absent iris (Ton et al., 1991).
Work with a rat Sey mutant has shown that the inability of
lens induction is due at least in part to the inability of the
PLE to properly respond to an inductive signal (Fujiwara et
al., 1994).
Analysis of the developmental expression of Pax-6 indi-
cates that it may participate in an early phase of the lens
Copyright © 2000 by Academic Press. All rightdetermination process. In mice it is first expressed in the
developing head at embryonic day 8.0 (E8.0) in both the
surface and the neural ectoderm. By E9.5 it is expressed in
the future retina and lens, several rhombomeres, midbrain,
forebrain, and olfactory epithelium (Walther and Gruss,
1991). It is at this time, or slightly later, that lens specifi-
cation is thought to occur (Karkinen-Jaaskelainen, 1978;
Enwright and Grainger, unpublished observation). In addi-
tion to an expression pattern consistent with being in-
volved in lens formation, several crystallin gene promoters
have been shown to contain PAX-6 binding sites (Cvekl et
al., 1994; Chambers et al., 1995; Richardson et al., 1995).
However, other targets of Pax-6 have yet to be discovered.
We decided to carry out further studies on the potential
roles of and interactions between RA signaling and Pax-6
during murine lens determination. We first describe in
detail the expression of a retinoid-sensitive transgene in the
developing eye in two independently generated strains of
transgenic mice (Rossant et al., 1991; Balkan et al., 1992b).
We then demonstrate that RA signaling is present in the
correct tissues and at the time when bias and specification
of the lens are thought to be occurring. We also show that
RA signaling is substantially decreased in Sey/Sey embryos,
but only in the anterior CNS, including the retina, and
associated placodal tissues, such as the lens. Furthermore,
we show that the Sey mutation affects the ability of the eye
to respond to and produce retinoids.
MATERIALS AND METHODS
Mouse Strains and Staging of Embryos
Several mouse strains were used in this study. The RARE
reporter transgenic mice were originally described by Rossant et al.
(1991) and Balkan et al. (1992a) (referred to here as RARE-R and
RARE-B, respectively). Briefly, each transgene consists of three
RAREs upstream of a proximal promoter, lacZ as a reporter and a
39 polyadenylation sequence. The mouse strains differ in the
orientation of the RAREs (RARE-R has the first RARE in reverse
orientation, RARE-B has the first two RAREs in reverse orienta-
tion) and proximal promoter (RARE-R uses the hsp68 promoter,
RARE-B uses the herpes simplex thymidine kinase promoter). In
addition the genetic background in the two strains differs (RARE-R
mice are on a CB1 background, while the RARE-B animals are on a
FVB/N background). RARE-R mice were maintained as homozy-
gotes for the transgene, while the RARE-B animals were main-
tained as hemizygotes. Transgenic males were bred with Swiss
Webster (Hilltop) females to obtain wild-type (WT) embryos for
analysis.
Sey mice were obtained from a founder stock (Hogan et al., 1986)
kindly provided by B. Hogan (Vanderbilt University). Sey animals
were maintained as heterozygotes (Sey/1); homozygous (Sey/Sey)
embryos were obtained by mating two heterozygous animals. To
obtain Sey/Sey embryos carrying the RARE transgene, transgenic
ales were mated to Sey/1 females, and Sey/1 transgenic F1 males
ere crossed with Sey/1 females to yield Sey/Sey embryos that
carry a copy of the transgene.
For staging of all matings, noon of the day of vaginal plug wasconsidered embryonic day 0.5. A more precise analysis of stages,
s of reproduction in any form reserved.
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12 Enwright and Graingerdetermined according to Kaufman (1992), was made at the time of
dissection to determine the exact age of individual embryos.
Administration of Exogenous RA
Pregnant dams were administered exogenous RA by gavage
treatment with sesame oil as a vehicle. A dose of 80 mg of
all-trans-RA/kg of maternal weight was delivered 12 h prior to
sacrifice. Five-hundred milligrams of RA was dissolved in 20 ml of
1 N NaOH and added to 480 ml of ethanol and the volume was
brought up to 5 ml with sesame oil. Five-hundred-microliter
aliquots were stored at 220°C and diluted in sesame oil just prior
to use (Scott et al., 1994).
Genotypic Identification of Mutant Embryos
Different methods were necessary at different ages to unequivo-
cally distinguish WT, heterozygous, and homozygous Sey embryos.
Morphological identification of Sey/Sey embryos is possible at E9.5
due to a failure in fusion of tissue at the base of the optic vesicle,
while Sey/1 animals can be identified at E10.5 due to a misshapen
lens. To identify positively the genotype of embryos before ages
when morphological criteria are evident, a polymerase chain reac-
tion (PCR)-based approach was used. The Sey mutation results in
he introduction of a diagnostic DdeI restriction site between the
aired box and the homeodomain (Hill et al., 1991). Therefore, we
sed two sets of nested primers to amplify definitively a 118-bp
roduct spanning the diagnostic DdeI site and subjected the prod-
ct to restriction enzyme digestion. Small pieces of tissue from
acZ-stained embryos were collected for PCR analysis in sterile
hosphate-buffered saline (PBS). Just prior to genotyping PBS was
eplaced with 20 ml of water, and samples were boiled for 5 min and
sed as template for the first-round PCR reaction. Primers up-
tream (ATGGCTGCCAGCAACAGGAA, primer 1) and down-
tream (GCAGCTTGAGGCTCTGGAG, primer 2) of the diagnos-
ic DdeI site were used for the reaction. Primer 1 covered bases
28–745 of the published Pax-6 cDNA sequence, while primer 2
overed bases 864–882 of the sequence, resulting in a 154-bp
roduct (Walther and Gruss, 1991). PCR was performed in a total
olume of 50 ml; the reaction mix containing 20 ml of template (as
escribed above), 50 mM KCl, 10 mM Tris–HCl (pH 8.2), 0.01%
riton X-100, 1 mM MgCl2, 0.2 mM dNTPs, 0.5 pmol of each
rimer, and 1 unit of Taq polymerase. A total of 40 cycles was
erformed with each round consisting of 30 s at 92°C, 1 min at
7°C, and 10 s at 72°C, and a 5-min extension at 72°C following
ycle 40. One microliter of round 1 reaction product was used as a
emplate source for a second round of PCR using primer 1 and a
rimer upstream of primer 2 (CGGAAGCTGCAAAGAAATAG,
rimer 4), covering bases 826–845, resulting in a 118-bp product.
eaction components were identical to the first-round PCR; how-
ver, the second-round reaction parameters were as follows: 35
ycles consisting of 55 s at 92°C, 90 s at 62°C, and 10 s at 72°C and
5-min extension at 72°C following round 35. Ten microliters of
ound 2 PCR product was then subjected to a DdeI digestion in a
0-ml reaction volume and analyzed on a 12% polyacrylamide
minigel in TBE. DNA from WT embryos produced 76- and 42-bp
fragments; DNA from heterozygotes had 76-, 56-, 42-, and 20-bp
fragments; and DNA from homozygous mutant embryos resulted
in 56-, 42-, and 20-bp fragments.
Copyright © 2000 by Academic Press. All rightHistological Analysis
Pregnant females were sacrificed by cervical dislocation, and
embryos were dissected in PBS and fixed in 0.2% glutaraldehyde,
2% paraformaldehyde in PBS for 20–40 min depending upon age.
Embryos were subsequently processed for lacZ staining according
to standard procedures (Balkan et al., 1992b). RARE-B embryos
were allowed to develop for 12–24 h, while RARE-R embryos were
stained for the following times: WT litters were stained 12 h; litters
containing mutant embryos were stained for 1 to 2 h. RA-treated
litters were allowed to develop for 1 h. Short staining times were
necessary because the expression of the transgene in RARE-R mice
is much higher than in RARE-B mice. In addition the reaction
becomes rapidly saturated; therefore, short reaction times were
necessary to see differences between WT and mutant embryos.
Following in situ lacZ detection some embryos were processed for
cryosectioning by 12 h infiltration with 30% sucrose in PBS and
subsequent freezing in OCT embedding medium (Tissue-Tek) in
isopentane chilled to 240°C. Twenty-micrometer sections were
prepared on a Reichart–Jung cryostat and collected on gelatin-
coated slides.
Pax-6 in Situ Hybridization
Embryos of appropriate stages were dissected free of all extraem-
bryonic tissues and fixed by immersion in 4% paraformaldehyde in
PBS, pH 7.2, overnight at 4°C. The embryos were then washed well
in PBS with 0.1% Tween 20 (PTw), dehydrated through a graded
methanol series, and stored at 220°C in 100% MeOH prior to
hybridization. In situ hybridization was carried out on whole
embryos essentially as described by Harland (1991). Briefly, em-
bryos were rehydrated through methanols to PTw and treated with
10 mg/ml proteinase K for 7–15 min (depending on age of embryos).
Embryos were then washed in 0.1 M triethanolamine (pH 7.5) and
in 0.1 M triethanolamine containing 0.25% acetic anhydride,
washed in PTw, refixed for 20 min with 4% paraformaldehyde in
PBS, and then washed extensively in PTw. Samples were then
equilibrated in hybridization buffer and prehybridized for up to 6 h
at hybridization temperature (usually 65°C). The hybridization
buffer consists of 50% formamide, 53 SSC, 1 mg/ml Torula RNA,
100 mg/ml heparin, 13 Denhardt’s, 0.1% Tween 20, 0.1% Chaps,
and 10 mM EDTA.
Following hybridization, samples were washed in 50% form-
amide in 23 SSC and then in 23 SSC at the hybridization
temperature; RNase A (20 mg/ml)/RNaseT1 (10 U/ml) in 23 SSC
as added for a 30-min treatment at 37°C. Embryos were rinsed
riefly in 23 SSC at room temperature and in 0.23 SSC for 30 min,
wice, at hybridization temperature. The detection of hybrid mol-
cules was carried out as described by Doniach and Musci (1995).
amples were washed twice for 10 min in maleic acid buffer (MAB;
00 mM maleic acid, 150 mM NaCl, pH 7.5) at room temperature
nd then treated with 2% Boehringer-Mannheim blocking reagent
BMB) in MAB for 1 h at room temperature. Embryos were then
reated with 2% BMB, 20% heat-inactivated lamb’s serum (HTLS)
n MAB for 1 h at room temperature followed by an incubation
ith a 1:2000 dilution of anti Dig-AP (Boehringer-Mannheim) in
% BMB, 20% HTLS in MAB, overnight at 4°C. Samples were then
ashed extensively (at least 53 1 h) in MAB and washed in alkaline
hosphatase buffer (100 mM Tris, pH 9.5, 50 mM MgCl2, 100 mM
NaCl, 0.1% Tween 20), and then BMPurple-AP substrate was added
and incubation continued at room temperature until color reaction
product was suitably developed (usually 7–14 h). Tissues were
s of reproduction in any form reserved.
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13Retinoid Signaling and Lens Formationrefixed in 4% paraformaldehyde in PBS overnight at 4°C and then
stored in PTw at 4°C.
Assay of Retinoid Production in Tissue Explants
A stably transfected F9 teratocarcinoma cell line carrying a
retinoid-sensitive reporter construct was used to analyze RA pro-
duction in various regions of the embryo. The RA reporter cell line
was originally described in Wagner et al. (1992) and contains a
reporter construct with a single RARE upstream of lacZ. Cells were
grown to confluence in 24-well tissue culture plates in 20% fetal
calf serum (FCS), with 0.8 mg/ml of G-418, in L-15 CO2 medium
containing FVM and 1:1:2 supplements per the manufacturer’s
instructions (Specialty Media). Tissue to be assayed was dissected
from Swiss Webster or Sey embryos in sterile PBS. Embryos were
placed in a solution of 0.5% trypsin (Difco 1:250, Sigma) in PBS for
15 min and then moved to cell line medium for dissections.
Tungsten needles were used to dissect off the ectoderm overlying
the optic vesicle and to remove other regions of the embryo to test
for retinoid production. Pieces were added to a confluent mono-
layer of reporter cells, most of the medium was removed to
promote explant adherence to the monolayer, and then medium
(without G-418) was added back 1 h later. Cocultures were incu-
bated overnight at 37°C in a 5% CO2/95% air atmosphere. Follow-
ng culture the monolayer was processed in situ for lacZ following
he protocol for whole embryos. Plates were fixed for 20 min in 2%
araformaldehyde, 0.2% glutaraldehyde in PBS, washed three
imes in PBS, and stained either 4 h (for optic vesicle explants) or
vernight (for head ectoderm explants) as in the whole-mount lacZ
etection procedure referred to above in the histological analysis.
RESULTS
Two independently generated strains of transgenic ani-
mals were used in this study to analyze activated RARs in
embryos. The RARE-R animals showed more robust expres-
sion in both WT and mutant embryos, and expression was
highly reproducible among animals of the same age and
genotype. The RARE-B embryos showed less intense trans-
gene expression in a subset of domains seen in the RARE-R
animals. Although the domains of expression of this trans-
gene were also highly reproducible from embryo to embryo,
the transgene is not always expressed in every cell within
these domains. The reason for this mosaicism is unclear; it
has been postulated that the mosaic expression observed in
the RARE-B mice is via a stochastic mechanism (Colbert et
al., 1995). No difference in expression of either transgene
was ever seen between Sey/1 and WT embryos. Because it
is difficult to quantify levels of transgene expression all
comparisons of transgene expression levels presented here
are strictly qualitative, though highly reproducible. At least
four litters, with an average of eight mice per litter, were
examined at each age.
The Spatial and Temporal Pattern of Retinoid
Signaling during Eye Development Is Consistent
with a Putative Role for RA in Lens Induction
Presence of retinoid signaling was analyzed in the devel-
oping head of transgenic mice from E8 to E14.5. The
Copyright © 2000 by Academic Press. All rightARE-R transgene first appears in the developing head in
ate E8.5 embryos, when neural folds are elevated and the
ptic eminence has formed. Expression is confined to the
V and forebrain (Figs. 1A and 1E) in late E8.5 embryos; the
ransgene is not yet present in the PLE. In late E8.75
mbryos expression is first seen in the PLE (Figs. 1B and 1F).
y E9, the time of neural tube closure in the head, expres-
ion is seen in the PLE and optic vesicle (future retina) (Figs.
C and 1G), as well as in the forebrain, presumptive nasal
ctoderm (PNE), and head mesenchyme. Expression persists
n the lens through the placode (Figs. 1D and 1H) and lens
esicle stages (Figs. 1I–1J, 1L, and 1M), but is lost in the lens
y E12.5 (Figs. 1K and 1N). However, expression continues
n the developing retina, forebrain, and olfactory region
ntil at least E14.5 (data not shown). In addition, two
egions of expression are seen in the developing midbrain
tarting at E10.5 (arrowheads in Fig. 1I). At all ages the
ostral limit of transgene expression in the trunk is rhom-
omere 6, as indicated by its position relative to the otic
esicle.
We also examined transgene expression in the RARE-B
ice. Expression domains were similar to that seen in the
ARE-R mice; however, the onset of transgene expression
n the head was delayed by about 8 h, and overall expression
evels were qualitatively lower at all ages examined. The
ARE-B transgene is first apparent in the developing head
t E9 and does not appear in the PLE until E9.5 (Figs. 5A and
E). It should be noted that although this transgene is
onsistently expressed in the PLE at E9.5, it does not appear
n every cell within the PLE. Expression continues in the
eveloping lens, retina, and olfactory system until at least
14.5, the last stage examined (data not shown).
Expression in both strains is similar in several ways. The
ransgenes are activated in the developing head prior to
eural tube closure and initially expressed in the develop-
ng optic vesicle and forebrain. Expression in the presump-
ive lens first occurs prior to placode formation and persists
nto the lens vesicle stage. In the developing olfactory
ystem expression is initiated at approximately the same
ime as the PLE expression, prior to formation of the
lfactory placode, and persists until at least E14.5. Expres-
ion in more posterior regions of the embryo is also quite
imilar.
A High Degree of Overlap Exists between Retinoid
Signaling and Regions of Pax-6 mRNA Expression
In order to determine if RA signaling and Pax-6 activity
could potentially interact, we analyzed expression of Pax-6
mRNA and compared it to expression of the transgene in
RARE-R embryos. Expression of the reporter (Figs. 2A and
2C) and Pax-6 (Figs. 2B and 2D) is seen in the forebrain,
optic vesicle, lens placode, olfactory region, and head mes-
enchyme of E9.5 WT embryos. Coexpression is also seen in
the developing CNS in regions caudal to rhombomere 5
(Figs. 2A and 2B). In neural structures the RARE-lacZ
transgene is expressed in a subset of Pax-6-expressing cells.
s of reproduction in any form reserved.
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15Retinoid Signaling and Lens FormationFIG. 2. Comparison of Pax-6 expression and the RARE-R transgene in E9.5 embryos. (A) expression of the transgene in an E9.5 embryo;
(B) expression of Pax-6 mRNA in an E9.5 embryo; (C) coronal section of A; (D) coronal section of B. Abbreviations: H, heart: DI,
diencephalon. See legend to Fig. 1 for other abbreviations. Bars, 100 mm.FIG. 1. Expression of the RARE-R transgene in WT embryos from E8.75 to E12.5. Expression in (A) an E8.5 embryo; (B) an E8.75 embryo;
(C) an E9 embryo; (D) an E9.5 embryo; (E–H) coronal sections of A–D, respectively; (I) an E10.5 embryo; (J) an E11.5 embryo; (K) an E12.5
embryo; (L–N) coronal sections of I–J. Abbreviations: C, presumptive cornea; FB, forebrain; L, lens; LP, lens placode; LV, lens vesicle; M,
head mesenchyme; OV, optic vesicle; PLE, presumptive lens ectoderm; PNE, presumptive nasal ectoderm; R, retina. Arrowheads, lacZ
stripes in midbrain. Bars in E, F, H, and M, 50 mm; bars in G, L, and N, 100 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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16 Enwright and GraingerHowever, several nonneural tissues, such as the heart,
express the transgene, but do not express Pax-6.
Retinoid Signaling Is Preferentially Reduced in the
Heads of Sey Embryos
Since there is a high degree of overlap between the RARE
transgene and Pax-6 mRNA we wanted to investigate the
possibility that RA signaling and Pax-6 activity may inter-
act. To explore this we analyzed the expression of the
RARE-lacZ transgene in Sey embryos using both transgenic
strains and made a qualitative assessment of transgene
expression. In RARE-R embryos homozygous for the Sey
mutation (Sey/Sey) expression is reduced in the head of
E8.75 embryos. In addition there is delay in the temporal
onset of expression in the PLE (compare Figs. 3A and 3B,
WT embryo, to Figs. 3C and 3D, Sey/Sey) embryo). How-
ever, staining in the optic vesicle is present in Sey/Sey
embryos at this age, though it is reduced. In E9.5 embryos
an overall reduction of expression is still seen in Sey/Sey
embryos. The surface ectoderm overlying the optic vesicle
and head mesenchyme is severely affected; expression in
this region is markedly reduced when compared to WT and
Sey/1 littermates (compare Figs. 3E and 3F, WT embryo, to
Figs. 3G, 3H, and 3H9, Sey/Sey embryo). In Sey/Sey embryos
the PLE remains a one-cell-layer-thick ectodermal sheet;
there is never any placode formation. In addition in Sey/Sey
embryos there is a layer of mesenchymal cells between in
the OV and PLE (see Fig. 3H9), while in WT and Sey/1
littermates the OV makes direct contact with the PLE.
There is also no detectable transgene expression in the
olfactory ectoderm of Sey/Sey embryos (compare Figs. 3E
and 3G). By E10.5 expression in Sey/Sey animals remains
reatly reduced, and the decrease of intensity in the fore-
rain is more prominent than in E9.5 embryos (compare
igs. 3I and 3J, WT embryo, to Figs. 3K and 3L, Sey/Sey
mbryo). No difference in expression pattern or intensity
as noted between Sey/1 and WT embryos at any stage
data not shown), and no difference was noted between
ey/Sey and non-Sey/Sey embryos in regions caudal to
hombomere 5.
The expression of the transgene in RARE-B embryos was
lso severely affected by the Sey/Sey mutation. In these
nimals transgene expression was never seen in the devel-
ping lens of Sey/Sey mice. At E9.5 one can see transgene
xpression in the OV of Sey/Sey embryos; however, no
ransgene is seen in the PLE (Figs. 5B and 5F); for compari-
on expression in WT embryos at E9.5 is shown in Figs. 5A
nd 5E. By E10.5 the RARE-B transgene is no longer seen in
he heads of Sey/Sey embryos (data not shown).
In summary, expression of the RARE-lacZ transgene was
ltered in both transgenic strains when the Sey mutation
as present. An overall decrease in expression in the
eveloping head was noted, while the posterior regions of
he embryo were unaffected. The decrease in staining was
ost obvious in the developing lens, optic vesicle, olfac-ory, and forebrain regions. 5
Copyright © 2000 by Academic Press. All rightThe Surface Ectoderm of Sey Mice Is Unable to
Maintain Responsiveness to Retinoic Acid
To investigate whether the defect in RA signaling seen in
Sey mice is due to an inability of normally retinoid-
responsive tissue to properly respond to RA we analyzed the
effects of exogenous RA on transgene expression in Sey/Sey
embryos, focusing on the developing lens. Gavage treat-
ment of pregnant females with RA was used to give a dose
of exogenous RA to RARE-R embryos at E8.5, which were
then harvested 12 h later. This treatment elicited wide-
spread ectopic expression of the transgene throughout the
embryo in both WT and Sey/Sey embryos, including in the
verlying head surface ectoderm of Sey/Sey mice (see Figs.
4A and 4B, WT and Sey/Sey mice, respectively). Qualita-
tively, the level of transgene expression in surface ectoderm
of these RA-treated Sey/Sey mice was equal to that seen in
both RA-treated WT mice and that seen in untreated WT
mice (compare Fig. 1G, untreated WT, to Figs. 4A and 4B,
RA-treated WT and Sey/Sey, respectively). Embryos admin-
istered exogenous RA at E9 and harvested at E9.5 again
showed ectopic expression of the transgene throughout the
neural ectoderm in WT (Figs. 4C and 4E) and Sey/Sey
embryos (Figs. 4D and 4F) carrying the RARE-R construct.
However, this ectopic expression did not extend to regions
of head mesenchyme or surface ectoderm that express low
levels of the transgene in non-RA-treated Sey/Sey embryos
(Fig. 4E, WT embryo, and Fig. 4F, Sey/Sey embryo). In
Sey/Sey RARE-R embryos exogenous RA at E9 was unable
to increase transgene expression in the PLE of E9.5 em-
bryos. When compared with untreated Sey/Sey embryos of
he same age, RA-treated Sey/Sey embryos expressed quali-
atively equal levels of transgene in the PLE (compare Fig.
F9 to Fig. 3H9). However, an increase in transgene expres-
ion was seen in the optic vesicle and forebrain of RA-
reated Sey/Sey embryos when compared to untreated em-
ryos of the same age (compare Figs. 4D and 4F to Figs. 3G
nd 3H). Ectopic transgene expression in more posterior
egions was seen in all three germ layers and gavage
reatments at other ages (E10, 11, and 12) revealed similar
esults (data not shown) to those seen resulting from RA
reatment at E9. Administration of sesame oil without RA
ia gavage caused no change in transgene expression in any
issues; these mice were identical to untreated transgenic
nimals (data not shown).
Using gavage treatments of pregnant females to adminis-
er exogenous RA to Sey/Sey embryos carrying the RARE-B
ransgene yielded results similar to those seen in the
ARE-R embryos. However, the induction of the transgene
ue to RA treatment of this transgenic strain was much less
ntense than in the RARE-R line. Introduction of RA to E9
mbryos which were harvested 12 h later was unable to
nduce expression of the transgene in the PLE or olfactory
rea of Sey/Sey mice (Figs. 5D and 5H), but did result in
ctopic transgene expression in other areas of the CNS and
n the heart (Figs. 5C and 5G, WT embryo, and Figs. 5D and
H, Sey/Sey embryo).
s of reproduction in any form reserved.
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17Retinoid Signaling and Lens FormationIn summary, in both strains of transgenic mice expres-
sion of the transgene could not be rescued after E9 in the
head surface ectoderm and its derivatives (PLE and future
olfactory region) in Sey/Sey mice. However, in both Sey/Sey
nd WT embryos exogenous RA was able to increase
ransgene expression in other head regions which normally
xpress the transgene, as well as inducing ectopic transgene
xpression. In Sey/Sey embryos exogenous RA was able to
ncrease transgene expression levels to near untreated WT
evels in neural regions and able to induce ectopic expres-
ion in other regions of the CNS, in addition to causing
xpression in all three germ layers in the posterior. From
hese data we conclude that the defect in retinoid signaling
n Sey mice is due, at least in part, to the surface ectoderm
eing unable to maintain the ability to properly respond to
n RA signal. Other regions of head neural ectoderm such as
he optic vesicle and forebrain remain responsive to retin-
ids in a PAX-6-deficient background.
The Presumptive Eye Region of Sey Mice Has a
Defect in the Ability to Produce Retinoids
To determine if a defect in retinoid production is present
in Sey/Sey mice we cocultured tissues with an RA-sensitive
eporter cell line and examined the levels of transgene
nduction in the reporter line. Again, as with the analysis of
he transgenic mice, only qualitative differences in trans-
ene levels were monitored though there appears to be little
ariability between tissues of the same age and genotype.
t least 10 explants were analyzed for each tissue genotype
nd age. In addition, in some cases wild-type and Sey/Sey
issues were incubated together in the same well of reporter
ells to insure that differences seen between these tissues
ere not due to variations in cell line activity from well to
ell. We found that in 1/? E9.5 embryos the optic vesicle
nd head ectoderm (including the PLE) have readily detect-
ble levels of retinoids (Figs. 6A and 6C, respectively). In
arallel experiments with Sey/Sey mice the OV induces a
educed level of transgene expression, while the head ecto-
erm does not produce detectable levels of RA (Figs. 6B and
D, respectively). Similar results were seen in older em-
ryos: the optic vesicle is a strong RA source in WT E10.5,
ut retinoid levels are greatly reduced in optic vesicles from
ey/Sey littermates. No difference was seen between WT
nd Sey/1 tissues of any type (data not shown). In addition,
here was no difference in RA production between WT and
ey/Sey embryos in the trunk, since spinal cord explants
rom WT and Sey/Sey animals produced qualitatively equal
evels of retinoids (data not shown). Thus Pax-6 is not only
equired for the responsiveness of the head surface ecto-
erm to retinoids, it is also necessary for proper RA levels in
he developing head.
DISCUSSION
Earlier work has shown that both RA and Pax-6 are
required for the normal development of the eye. We have S
Copyright © 2000 by Academic Press. All righthown here that RA signaling occurs in the correct tempo-
al and spatial pattern to be involved in lens induction, and
hat this signaling is severely inhibited in the Small eye
utant. The decrease in retinoid signaling in Sey/Sey
mbryos is found only in the anterior central nervous
ystem and associated placodal structures; the posterior
NS is unaffected. In addition we show that the defect in
A signaling in Sey/Sey embryos occurs both in the ability
of retinoid-producing tissue to manufacture normal levels
of RA and in the ability of the surface ectoderm to respond
to RA. These results raise several interesting issues about
how Pax-6 may regulate RA signaling, what role retinoid
signaling plays in lens induction, and what can be done to
further clarify the molecular interactions involved in lens
determination.
Relationship of PAX-6 Function and Retinoic Acid
Signaling
A high degree of overlap exists in the expression of the
RARE transgene and Pax-6, suggesting a possible interac-
tion between PAX-6 and retinoid signaling. Regions of
overlap include the forebrain, olfactory system, lens and
retinal anlage, and the posterior CNS caudal to rhom-
bomere 5. Interestingly, the effect on RA signaling in
Sey/Sey mice is limited to anterior head structures; the
posterior regions of the embryo have normal transgene
levels. These areas are the same regions that show morpho-
logical abnormalities in Sey/Sey mice, which have no
olfactory bulb, lack eyes, and exhibit gross forebrain de-
fects. The requirement for PAX-6 in only anterior RA
signaling raises the possibility that a failure in the latter
process may be associated with the Sey phenotype.
At present there is little information about what compo-
nent in the RA signaling system is affected by mutation of
the Pax-6 gene. Since we show that Pax-6 influences the
ability of developing head regions to both produce and
respond to RA, there could be targets in the pathways
involved in both signal production and receptor activity.
The direct interactions of PAX-6 and components of these
pathways have not been studied, and no component has
been identified as deficient in Sey animals. Concerning the
possible effects on production of RA, there is a form of
aldehyde dehydrogenase that is restricted to the developing
lens and retina; however, its expression has yet to be
examined in Sey mice (McCaffery et al., 1992). Regarding
he receptor system regulated by PAX-6, because we find
hat young (E8.5) Sey/Sey embryos are responsive to exog-
nous RA in head ectoderm, whatever causes the lack of
esponsiveness in Sey/Sey embryos must occur after this
tage and after responsiveness is initially activated.
While PAX-6 may directly affect RA signaling in the OV
nd PLE, as implied in the discussion above, there is also a
ossibility that the effects of the Sey mutation on retinoid
ignaling are due to signaling defects resulting from tissues
utside of the eye. Among the abnormalities seen in Sey/
ey embryos are defects in midbrain neural crest cell
s of reproduction in any form reserved.
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20 Enwright and Graingermigration. These cells normally populate the frontal nasal
mesenchyme, but only migrate as far as the optic vesicle in
Sey/Sey mutants (Matsuo et al., 1993). Furthermore, the
neural-crest-derived portion of the frontal nasal mesen-
chyme is absent in Sey/Sey embryos and thought to be a
source of RA that plays a role in the induction of the
olfactory epithelium (Anchan et al., 1997). These aberrantly
migrating neural crest cells could have a negative effect on
retinoid signaling (either directly by affecting one of the
potential RA signaling targets of Pax-6 or indirectly by first
inhibiting a lens-forming response in the PLE that then
alters RA signaling) and, subsequently, lens determination.
Indeed, we have seen an inhibitory effect of the frontal nasal
mesenchyme on lens induction in recombinants between
E9.5 head ectoderm and mesenchyme (Enwright and
Grainger, unpublished).
While it is clear that the Sey mutation affects RA signal-
ng, can any aspect of the Sey phenotype be ascribed to one
f the defects we see in RA signaling? If RA signaling is
equired for lens induction (an issue discussed below), this
ertainly might be the case. It has now been shown that
nductive signaling in the lens is aberrant in Sey embryos.
sing a rat Sey strain, tissue recombinants between mutant
nd wild-type tissues have shown that the responsiveness
f the lens ectoderm to lens-inducing signals from the OV is
ost in homozygous rSey animals (Fujiwara et al., 1994).
imilar experiments with mouse Sey also show that the
LE loses responsiveness in mutant embryos, but in addi-
ion that mutant OVs are deficient in lens-inductive signals
Enwright and Grainger, unpublished).
Potential Roles of RA during Eye Development
Experiments have already been mentioned in which eye
formation was inhibited by addition of exogenous RA or
perturbation of RA production (Shenefelt, 1972; Schuh et
al., 1993; Drysdale and Crawford, 1994; Marsh-Armstrong
et al., 1994; Avantaggiato et al., 1996; Hyatt et al., 1996;
Dickman et al., 1997). However, in several of these experi-
ments lenses developed normally, and when lens morpho-
genesis was abnormal it was unclear whether the defect was
due to a direct requirement for RA signaling in lens forma-
tion or a secondary effect due to improper formation of a
lens-inducing source. More direct evidence for a RA signal-
ing requirement during eye formation comes from mice
containing a genetic disruptions via homologous recombi-
nation in a number of different RXRs and RARs. In several
instances an eye phenotype has been seen (Kastner et al.,
FIG. 5. Expression of the RARE-B transgene at E9.5 in WT and Sey
WT E9.5 embryo; (B) a Sey/Sey littermate of A; (C) an E9.5 WT/
ey/Sey littermate of (C). E–H, coronal sections of A–D, respective
FIG. 6. The OV and the PLE of Sey/Sey embryos produce less RA
RARE-F9 reporter cells cocultured with: an optic vesicle from an E9
mbryo; (D) a Sey/Sey littermate. All images are at the same magnifica
Copyright © 2000 by Academic Press. All right1994; Lohnes et al., 1994). Only one double mutant combi-
nation (the RAR a/g double mutant) showed a lens pheno-
type, and in one individual aphakia (absence of a lens) was
seen.
Very specific effects on lens formation have been reported
in two studies altering RA signaling components. In the
first, application of an antisense retinol binding protein
oligonucleotide, which inhibits RA production, caused an
eye-specific phenotype when applied to 10- to 12-somite-
stage mouse embryos (Bavik et al., 1996). This is the same
stage that we show the RARE reporter construct first
appearing in the PLE. The phenotype of these antisense-
injected embryos is similar to the Sey phenotype; they fail
to form a lens placode and optic stalk fusion is inhibited.
However, injection of the same antisense oligonucleotide at
slightly earlier or later stages did not affect eye develop-
ment. This suggests that RA acts early in lens formation
and only over a brief time period, just prior to the processes
of lens placode formation and optic stalk fusion. Expression
of a constitutively active RAR targeted to the lens by use of
a crystallin promoter often resulted in microphthalmia and
premature cataract formation (Balkan et al., 1992a), two
features often seen in heterozygous Sey mice. These two
experiments show that altered retinoid levels can have a
dramatic influence on the developing lens and suggest that
alterations in RA signaling may be a component of the Sey
phenotype.
The spatiotemporal expression profile of the RARE trans-
gene suggests that RA is acting in the lens prior to specifi-
cation and that it may therefore be involved in lens induc-
tion. The PLE is specified in the mouse around E9.5
(Karkinen-Jaaskelainen, 1978; Enwright and Grainger, un-
published), approximately 18 h after the RARE transgene is
first expressed in the lens anlage. However, there is cur-
rently little experimental evidence addressing an early role
for RA in lens formation. The expression of the RARE
transgene in the OV precedes the initial expression in the
PLE by a few hours. It is possible then that a Pax-6-
dependent signal (which could be RA) from the OV may be
involved in the final stages of lens determination and could
be responsible for activation of a RA response system in
lens ectoderm, which might also be important in lens
determination. However, the presence of RA signaling
systems in both the OV and PLE may imply that they
operate independently of one another, functioning primar-
ily within each tissue for reasons unknown. Perhaps these
systems are not performing functions ascribed to the classic
view of induction, i.e., transfer of an inducing signal, but are
embryos and embryos exposed to RA treatment. Expression in (A)
bryo taken from a pregnant female gavaged with RA at E9; (D) a
ee legend to Fig. 1 for abbreviations. Bars, 50 mm.
n 1/? littermates. Representative examples of LacZ expression in
) WT embryo; (B) a Sey/Sey littermate; a PLE from an E9.5 (C) WT/Sey
? em
ly. S
tha
.5 (A
tion.
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21Retinoid Signaling and Lens Formationinstead involved in signaling systems associated with
tissue-forming processes within each of these components
of the eye.
Future work will need to focus on the interaction of
components of the RA signaling system and Pax-6 targets
and on functional tests that follow up our observations.
Direct inhibition of retinoid signaling would provide ex-
tremely valuable insights into the questions raised in this
paper. RA antagonists would be very useful in this regard
(Johnson et al., 1995). It would also be very helpful to target
the effect of reagents that interfere with RA signaling to
specific tissues (e.g., either retina or lens). Recent advances
in making inducible transgenic animals (Delort and Capec-
chi, 1996; Hoffman et al., 1996) could help to produce
tissue-specific perturbations in RA signaling. For example,
misexpression of the COUP orphan nuclear receptor, which
has been shown to act as an effective inhibitor of RA
signaling (Schuh and Kimelman, 1995), would help to block
RA responsiveness in COUP-expressing tissues.
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